Intergranular stress corrosion cracking &YSCC) is a pervasive and generic problem in current light water reactor and advanced reactor designs that can lead to widespread component failure. IASCC is believed to be due to either to changes in the grain boundary composition, the microstructure or the water chemistry and corrosion potential. Of greatest interest are the changes in composition and microstructure since IASCC exhibits a well-defined, although not invariant, dose threshold. Changes in grain boundary composition are a result of radiation-induced segregation (RIS) and result in enrichment of nickel, depletion of chromium as well as changes in the impurity element compositions at the grain boundary. Although the basic theory of RIS is believed to be understood, quantitative descriptions of observed changes are not yet possible and hinder the correlation between RIS and IASCC. Changes in the microstructure are intimately linked to the strength and ductility of the irradiated alloy and strong correlations between IASCC and irradiated yield strength have been found. However, a fundamental understanding of the deformation mechanisms and the way in which deformation is coupled to IG cracking in alloys irradiated under LWR conditions (25636O'C, 1-5 dpa) is lacking. Finally, although radiation is known to affect IGSCC through changes in water chemistry and corrosion potential, it is not a necessary condition. Overshadowing and slowing progress on this important problem is a lack of well-defined-data from properly irradiated and properly characterized materials, due principally to inherent experimental and financial difficulties. As such, the specific mechanism(s) of IASCC remain unknown.
Introduction
Irradiation assisted stress corrosion cracking (IAS-CC) refers to the acceleration of the SCC process by irradiation. Broadly speaking, IASCC can result from effects on the materials, and/or environment by gammas, neutrons, electrons or ions. However, in a practical sense, the problem is primarily associated with the accelerated intergranular cracking process in austenitic alloys in light water reactor cores by neutron irradiation. Thus, the environment is generally hydrogenated or oxygenated water at 275-330°C. The identification of the IASCC problem and its characteristics has often been complicated by its manifestation as an acceleration rather than an inducement of a process. Intergranular (IG) SCC in austenitic alloys is a well-established and much studied phenomenon.
In many instances, IGSCC of these alloys can occur without the aid of irradiation, and isolating the contribution of irradiation to the observed cracking elevates the difficulty of the problem.
Neutron irradiation promotes IG cracking, Fig. 1 , and a decrease in ductility above N 5 X 10" n/cm* (E > 1 MeV), which corresponds to about 0.7 dpa by the NRT [2] displacement model. This demonstrates that the observed behavior is due to irradiation-induced changes in the alloy which may involve microstructure changes, microchemical changes, compositional changes by transmutation, and interactions among these changes. In fact, cracking in neutron irradiated 304 stainless steels has been observed in constant load tests at stresses as low as 19.3 MPa vs. stresses in excess of the yield strength for the unirradiated alloys 131. Stress also has an important role, and irradiation creep can cause a decrease in stress under displacement-controlled conditions. However, water chemistry effects are also apparent by the decrease in cracking with decreasing dissolved oxygen, for example 0022 In the inset figure, the effect of corrosion potential is shown for data obtained at several specific fluences. (from Ref. [l] ).
at 3 x 1021 n/cm2, Fig. 1 . The dissolved oxygen concentration and that of several other oxidizing and reducing radicals are a function of the irradiation type and flux. Hence, the problem is complicated by changes in the water chemistry, microstructure and stress, higha 0 Sink lighting the many-faceted nature of the IASCC problem. This paper focuses on the mechanisms which are believed to be responsible for the observed IASCC in LWRs.
Mechanisms of IASCC
The mechanisms which have been proposed to explain IASCC may be categorized into either (1) microcompositional effects; radiation-induced segregation of impurities and redistribution of major alloying elements, (2) microstructural changes; radiation hardening through the formation of depleted zones and dislocation loops, and (3) radiation water chemistry; specifically the effects on corrosion potential, solution conductivity and ion chemistry. Unfortunately, the cracking response to changes in water chemistry is similar for both irradiated and unirradiated materials, as will be discussed later [4] . In both cases, there is a steep increase in environmental cracking kinetics with a rise in the corrosion potential to the range -100 to 0 mVshe [5, 61 . The crack growth rate also increases sharply for solution conductivities above about 0.1 @/cm in either the irradiated or unirradiated case [5, 6] . Thus while the corrosion potential (at constant oxygen content) and solution conductivity strongly control the cracking rate under constant water chemistry conditions, the cumulative effect of radiation has a strong influence on IASCC as illustrated by a dramatic increase in IGSCC susceptibility with fluence in slow strain rate tests. In fact, there is a distinct (although not invariant) threshold fluence at which IASCC is observed under LWR conditions. The existence of a threshold fluence for IASCC susceptibility indicates that while in-situ effects (corrosion potential, conductivity, temperature) are important, only 'persistent' radiation effects (microstructural and microchemical changes) can be responsible for the behavior in postirradiation tests. The following sections will address the mechanisms by which radiation affects alloy composition, microstructure and mechanical properties, and the mechanisms by which water chemistry and corrosion potential can affect crack growth.
Radiation-induced segregation
Most of the recent attention has been focused on the issue of radiation-induced segregation (RIS) of impurities to grain boundaries as being the main cause of the 'weakening' of the grain boundaries. This segregation process is fundamentally different from thermal segregation in that it is driven by the flux of radiationproduced defects to sinks such as the free surface, grain boundaries, and other interfaces 171. Vacancies and interstitials are the basic defects produced by irradiation and can reach concentrations which are orders of magnitude greater that the thermal equilibrium concentration. Diffusion of solutes by vacancy or interstitial mechanisms is then accelerated by the elevated concentration of these defects. As a function of temperature, segregation peaks at intermediate temperatures since a lack of mobility shuts down the process at low temperatures, and recombination dominates at high temperatures where defect concentrations approach their thermal equilibrium values. If the relative participation of alloying elements in the defect flwes is not the same as the relative concentration of the alloying elements, then a net transport of the constituents to or from the sinks will occur, Fig. 2 . The result will be either a buildup or a depletion of alloying elements at the sinks -principally grain boundaries and free surfaces. The magnitude of the buildup/ depletion is dependent upon several factors such as whether a constituent migrates more rapidly by one defect mechanism or another, and the binding between solutes and defects.
A common characteristic of RIS profiles is their narrowness,' often confined to within 5 to 10 nm of the grain boundary. Irradiation of stainless steels results in the redistribution of the major alloying elements and the segregation of impurities. RIS studies have shown that Ni segregates to the grain boundaries while Cr and Fe are depleted at the boundaries. With regard to impurities, P, S and Si are known to become enriched and minor alloying elements such as MO and Ti are depleted at the grain boundaries. Interestingly, the directions of segregation are consistent with an atomic volume effect in which the subsized solute migrates preferentially with the interstitial flux, and the oversized solute participates preferentially in the vacancy flux. The following section provides a description of RIS which can be used to understand results of experiments.
Modeling radiation-induced segregation
Since our interests are on the segregation behavior in ternary Fe-Cr-Ni alloys, the framework of the phenomenological model for ternary alloys will be briefly described. The following description is a condensation of that given by Lam et al. where V. .J, and V*Ji are the divergences of the vacancy and interstitial fluxes at the defect sinks and K and R are the local total rates of production and mutual recombination, respectively, of point defects. The defect fluxes are partitioned into those occurring via A, B and C atoms in the alloy according to 
These equations express the coupling between defect and atom fluxes across any fixed lattice plane. In general, the partitioning of the interstitial and vacancy fluxes via A, B and C atoms is not in the same proportion as the atom fractions in the alloy. Interstitials may preferentially migrate by one atom type while vacancies preferentially exchange with another atom type. This preferential coupling of defect and atom From Eqs. (4), (6), (7), (8) and (lo), the defect and fluxes is the physical origin of radiation-induced segreatom fluxes with respect to a coordinate system fixed gation. on the crystal lattice are As with the defect compositions, the alloy composition in time and space can be described by the conservation equations where k = A, B or C, (Y is the thermodynamic factor which relates the concentration gradient to the chemical potential gradient of atoms, and 0: Dl, 0: and 0," are the partial diffusion coefficients of atoms k by interstitials, and vacancies, and of interstitials and vacancies by atoms, respectively. The partial diffusion coefficients have the form Dk = dtiNj and 0: = dkjNk,
where j = i or v, Nj=LKj and Nk =LK, are the atomic fractions of defects and of k atoms, respectively, R is the average atomic volume in the alloy, and dkj are the diffusivity coefficients for conjugate atomdefect pairs kj,
Here h, is the jump distance, zk the coordination number, and I$ the effective jump or exchange frequency of the pair. The total diffusion coefficients for interstitials and vacancies are defined as Di= EdkiNk, 
Small perturbations arising from the presence of point defects are neglected so that CA + Cg + Cc = a-' and VC, = -(VC, + VC,). Of the five flux equations (lla)-(lle), only four are independent because the defect and atom fluxes across a marker plane must balance,
JA+JBfJC=Ji-Jv.
(12) A system of four coupled partial differential equations describing the space and time dependence of the atoms and defects in the solid is determined by substituting the defect and atom fluxes given by Eqs. (11) into Eqs. (1) and (5) ac,
at (13d)
Numerical solutions of Eqs. (13) are obtained for a planar sample under irradiation with energetic particles with the aid of the GEAR package of subroutines 191. In studying grain boundary segregation, the grain boundary is equated to a free surface and the calculations are performed for only a single grain, taking advantage of the symmetry of the problem. The initial conditions are the thermodynamic equilibrium of the alloy. Conditions at the boundary are defined as follows. At the grain center, all concentration gradients are set equal to zero. IASCC is being studied using a variety of particle types (neutrons, electrons, protons and heavy ions) and energies. This poses a problem in equivalence of irradiation damage. The basic (measurable) dose unit for neutron irradiation is n/cm* above some energy threshold (E > x MeV), where x is the energy threshold. For charged particles it is the time-integrated current or charge, Q/cm*. The particle beam community is accustomed to reporting dose in units of dpa and dose rate as dpa/s using one of several models for the determination of dpa. Although somewhat more complicated, due to the existence of an energy spectrum rather than a monoenergetic ion beam, the same conversion can be made from n/cm* (E > x MeV), although it is seldom done. 
where Damage is the energy transferred from the incoming particle to the struck atom, and Ed is the displacement energy, i.e. that energy needed to displace the struck atom from its lattice position. However, the value of dpa calculated using such a displacement model is not the appropriate unit to be used for dose comparisons between particle types. The reason is the difference in the primary damage state among different particle types. Fig. 3 shows the relationship between damage morphology (as quantified by the average energy transfer in a PKA collision) and the displacement efficiency for various particle types impinging on a sample of pure nickel at 1 MeV. The displacement efficiency is defined as the fraction of the 'ballistically' produced Frenkel pairs (FPs) which survive the cascade quench and are available for long-range migration. These are referred to variously as 'freely migrating' [13] or 'available migrating' [14] defects. They are the principal defects which will affect the amount of grain boundary segregation; our measure of radiation effect. The fraction of the total number of defects produced which are 'freely migrating' is termed the displacement effi- Fig. 3 . Description of damage morphologies for irradiation with various particles of the same energy. T is the average energy transfer per PKA and (E is the efficiency of producing freely migrating defects available to affect radiation-induced segregation.
ciency, E. Despite the equivalence in energy among the four particle types shown, the average energy transferred and the defect production efficiencies vary by almost two orders of magnitude! This is explained by the differences in the cascade morphology among the different particle types. Neutrons and heavy ions produce dense cascades which result in substantial recombination during the cooling or quenching phase. However, electrons are just capable of producing a few widely spaced FPs which have a low probability of recombination.
Protons produce small widely spaced cascades and many isolated FPs due to the Coulomb interaction and therefore, fall between the extremes in displacement efficiency defined by electrons and neutrons.
We will focus on the comparison between four types of particle irradiation in order to outline a methodology for establishing equivalence between neutron and charged particle irradiation. The four types are given in Table 1 and are taken from experiments conducted to study the IASCC problem [15-181. Each experiment is characterized by the particle type and energy, irradiation temperature, reported dose rate and reported total dose. The displacement efficiency is calculated using Naundorfs model [19] which is based on two factors. The first is that energy transfer to atoms is only sufficient to create a single FP. The second is that the FPs lie outside a recombination (interaction) radius so that the nearby FPs neither recombine nor cluster. The model follows each generation of the collision and calculates the fraction of all defects produced that remain free. According to Naundorf, the free single FPs are classified according to the generation i in which they were produced, i.e. the relative amount q1 is that amount which is produced by primary collisions (first generation), while q2 is the relative amount produced by secondary collisions (second generation). Thus the total number of free single FPs produced is where that produced by primary collisions is and that produced by secondary collisions is
JT, T'). (17) Ed
The primary displacement cross section for the incident ion is up = / uE dTK,,,(E, T),
Ed and the total displacement cross section gd is given in the Kinchen-Pease model by
Ud = I aE dTK,,,(E, T)v(T). (19) Ed KI A(E, T) is defined as the differential cross section of an' incident ion (I) of energy E which transfers the energy T & T_ to an atom (A). of the Cr)%d, Ed is the displacement energy, the maximum energy transferred is (YE (a = 4M,M,/(M, + MA)*) and v(T) is the K-P displacement function defined earlier. Z(T)
is the total number of secondary collisions produced above Ed by a primary of energy T along its path. The distance A between two primary collisions is distributed according to an exponential law,
with the mean distance
where R is the atomic volume. The condition that the distance between two consecutive collisions must be larger than an appropriate interaction radius, Tiv (so that FPs produced near each other neither recombine nor cluster) reduces the amount of all possible free single FPs by
Results of the model are the displacement efficiencies shown for the four particle types in Table 1 . The 'corrected' displacement rate and 'corrected' total dose for each particle type are determined by multiplying the reported (uncorrected) values times the efficiency factor. Measurements of the relative efficiencies (normalized to that of 1 MeV protons) for defect production as a function of the defect-production weightedaverage recoil energy, PI,* are shown in Fig. 4 . PI,* is the primary recoil energy above and below which half of the defects are produced. It gives a measure of the spatial distribution of the defect production; the larger the value of P,,,, the greater is the tendency for defects to be produced in cascades rather than as isolated defects. This figure provides a quantitative representation of the relative efficiency for producing solute redistribution at elevated temperatures as a function of the hardness of the primary recoil spectrum.
Model results
As a means of comparing the expected measured amount of grain boundary segregation for each of the irradiations described in Table 1 No preferential association of defects with Fe, Cr or Ni atoms is assumed. Segregation of the alloying elements results from the difference in vacancy diffusion coefficients caused only by the inequality of the pre-exponential jump-frequency factors. There is no effect of interstitial fluxes because all the partial diffusion coefficients of interstitials via the three alloying elements are equal.
Results show that enrichment of Ni and depletion of Cr and Fe occur in agreement with the calculations of Lam et al. [8, 21] . The quantity of interest is the amount of chromium depleted from the grain boundary, or the area inside the Cr concentration profile. The amount of Cr depletion for 'corrected' and 'reported' dose rates is given in Table 1 for each experiment. Also given are the values of Cr depletion at steady state and the doses required to reach steady state. Fig. 5 shows the amount of Cr depletion as a function of temperature and displacement rate at steady state. Steady state is reached at different dose levels for each experiment. At a given displacement rate, the segregated area peaks at some intermediate temperature and falls off at both higher and lower temperatures. This is due to the dominance of recombination at low temperatures and back diffusion at high temperatures [7] . Also note that the effect of a decreasing displacement rate is to shift the curves to higher maxima at lower temperatures.
For a given dose, a lower displacement rate yields lower steady state defect concentrations, reducing the number of defects lost to recombination, and shifting the curve to lower temperatures while increasing the degree of segregation.
Note the change in the calculated values for the amount of Cr depletion in the four experiments shown in Fig. 5 . Since electrons are assumed to be 100% efficient in producing defects available to affect segregation, there is no change in the segregated area after accounting for efficiency. However, there is a difference with protons, heavy ions and neutrons. The difference is largest for neutrons and smallest for protons. The difference is a function of not only the displacement efficiency, but also the slope of the dose rate curves. Nevertheless, substantial differences result in the expected amounts of grain boundary segregation when the displacement efficiency is taken into account.
Fig . 5 shows the effect of three of the four parameters defining an experiment: particle type, temperature and dose rate. It does not show the effect of dose since this is a steady state result which is achieved at different doses for each of the experiments described in Table 1 . Fig. 6 shows the development (vs. dose) of the segregated area, i.e. chromium depletion during irradiation for each of the four experiments described in Table 1 . Each particle type generates a pair of curves, the top curve (at large dose) results from use of the corrected displacement rate and the bottom curve from use of the reported displacement rate. A single curve was used for electron irradiation since the efficiency of defect production for electrons was assumed to be 100%. The points on the curves indicate the doses (times) to which these experiments were conducted. The arrows indicate the changes in the measured de-
10.' 10' 10' Dose@pa) Fig. 6 . Amount of chromium depletion as a function of irradiation dose for each particle type. The upper curve (at steady state) in each pair accounts for the particle efficiency while the lower curve is for the reported (uncorrected) dose rate. The symbols refer to the conditions for the experiments described in Table 1. pletion when the reported displacement rate and dose are corrected using the efficiency factors in Table 1 . In none of the experiments is steady state reached after the reported dose. This is particularly true for electron irradiation where even after 10 dpa, the steady state dose is still a factor of 3 away. Even in the case of neutrons, a real dose of 1 dpa (just past the threshold for observation of IASCC) falls on the steep portion of the curve, indicating that the measured amount of segregation is very sensitive to the duration of the experiment.
A final point of importance is the amount of Cr depletion that would be measured for each of the particle types after the stated duration of each experiment. Fig. 6 shows that for these four experiments, the amount can vary by almost a factor of 3 between various particle types. This is essentially an effect of the rate dependence on the amount of segregation. The curves in Fig. 6 also show the interplay between rate and efficiency for a fixed amount of segregation. Low efficiencies or low displacement rates will produce greater amounts of segregation after a fixed dose than higher efficiencies or higher displacement rates. This trade-off works against experimenters using ion irradiation to study neutron damage. Generally, the efficiency is better for lighter ions, and due to the nature of the instrumentation (accelerators, I-IVEM microscope), damage rates are generally much higher. Fig. 7 summarizes the resulting discrepancies between determination of the amount of segregation using the 'reported' dpa rates and doses vs. 'corrected' values which account for the efficiency of producing freely migrating defects available for affecting segregation. As expected, the difference is generally largest for the particle type with the greatest correction to the dpa rate. However, the difference is strongly dependent on Comparison of the amount of chromium depletion accounting for particle efficiency korrected amount of Cr depletion) and that using the reported (uncorrected) values of dose and dose rate (uncorrected amount of Cr depletion) for the experiments given in Table 1 and at steady state.
the dose to which the experiment is carried. In fact, ion irradiation experiments near 10 dpa (0.4 'corrected' dpa) will show virtually no discrepancy due to the cross-over of the segregation curves at that time. These examples also illustrate the methodology for determining equivalence between grain boundary composition for irradiation with different particle types. In practice, the method may be used either to determine the irradiation conditions which achieve equivalence a priori, or to determine the relative amounts of grain boundary segregation 'expected' given the parameters defining the experiment.
Measuring radiation-induced segregation
Radiation-induced segregation near grain boundaries is measured using two principle methods -energy dispersive X-ray analysis in scanning transmission electron microscopy (STEM-EDS) and scanning Auger microanalysis (SAM). In STEM-EDS, the electron beam is focused to a spot of order 2 nm and used as a probe for the generation of X-rays from the volume of the foil through which it passes. The X-ray intensities can be used to determine the composition of the material in the sample volume. The composition profile of an element near a grain boundary is then determined by stepping the electron beam probe across the grain boundary and converting the X-ray signal intensity profile to a composition profile. STEM-EDS is a tricky technique which requires a fine probe size (Q 2 nm), a grain boundary which can be accurately aligned with the probe direction and a sampling region in which the foil thickness is less than 100 nm and is accurately known. Even so, the finite volume of the electron beam probe and the broadening of the initial probe size inside the sample due to electron scattering limit the spatial resolution of the technique to 2-3 nm at best.
An alternative technique is Auger electron spectroscopy @ES) which involves the identification and quantitative determination of elements from the energy of the Auger electrons emitted from the interaction of an electron beam with a surface. This technique requires a different sample geometry. In AES, the composition of a surface is determined by directing the electron beam normal to that surface. As such, in order to investigate grain boundary compositions, the sample must be fractured along the grain boundaries. This is usually accomplished in stainless steels by cathodic charging with hydrogen and straining in situ in the Auger vacuum chamber. As such, unless sputter depth profiling can be accomplished on a faceted surface (generally very difficult), the information on sample composition is limited to the grain boundary plane itself. In AES, the depth resolution rather than the spatial resolution is a concern. The nominally 10 keV electrons penetrate and produce Auger electrons over several-nm below the surface. However, those collected by the cylindrical mirror analyzer only come from a depth corresponding to the escape depth of the Auger electrons. Therefore, the accuracy of the measurement is a function of the escape depth of the Auger electrons of interest (i.e. 0.3-l nm). Additional practical considerations influence measurements such as the contamination of the surface with C and 0 from the vacuum, the uncertainty in the location of the fracture along the grain boundary plane and the possibility of erring on identification of grain boundary facets due to the occurrence of mixed mode fracture. These two techniques provide all the information we have on RIS at grain boundaries.
Comparison of model and experiment
Chromium concentration profiles at the grain boundaries, determined from code calculations, are shown in Figs. S-10 and compare the measured data taken using STEM and AES to the model calculations for several irradiations. Table 1 with the exception of the final dose of the ion irradiation. The neutron irradiations were all done at 288°C but doses and dose rates vary according to the reactor in which they were done. Neutron irradiations were uncontrolled in that the reported grain boundary composition profiles were taken from core components and not, controlled environment test capsules. Each graph shows the experimental data, the code prediction for the nominal conditions and that accounting for the particle efficiency. purity alloys irradiated with 3.4 MeV protons at 400°C to 1 dpa (nominal) [22] . The dotted line is the 'corrected' Cr profile determined using the efficiency-corrected dose rate, and the solid line is the uncorrected profile. Fig. 8(a) for the high-purity alloy shows reasonably good agreement between code and experiment in shape, but not in magnitude. From both the grain boundary value and the FWHM of the profile, it is evident that the code calculations overestimate the extent of chromium depletion. That this is a deficiency in the code as opposed to the experimental measurements is indicated by the excellent agreement between STEM-EDS and AES on the value of Cr at the grain boundary. Note that the calculated profiles match the experimental profiles much better in the UHP + P and UHP + Si alloys. These alloys are essentially the same as the UHP alloy except that they are doped with P and Si, respectively. In both cases, the shape and magnitude of the experimental and calculated results match very well beyond 2 nm from the grain boundary. The lack of agreement within 2 nm of the grain boundary is a consistent problem. In part, it may be due to the lack of spatial resolution in STEM-EDS and depth resolution in AES. However, the magnitude of the discrepancy is too large to be accounted for by resolution. The better agreement between experiment and theory for the doped alloys is not unexpected. Evidence exists to show that the addition of P and Si to Fe-Cr-Ni increases the effective vacancy diffusion coefficient, thus leading to a broader and deeper profile under irradiation [23] . An additional factor which may affect the grain boundary value is the increase in the vacancy formation energy by the addition of solutes which decrease the equilibrium vacancy concentration at the boundary and result in an increased vacancy flux to the boundary [24] .
Figs. 9(a)-(c) show STEM-EDS results compared to code calculations for a high-purity alloy irradiated to increasing doses. Figs. 9(d) and (e> show the comparison for commercial purity alloys; the former irradiated in an LWR [251 and the latter in a test reactor (ATR) [26] . Code calculations were renormalized to match the measured chromium levels at 20 nm from the grain boundary. Inspection of Fig. 9 shows that the code significantly underpredicts the grain boundary composition in all the neutron irradiated cases. This is in agreement with results of Norris et al.
[27] using Perks model [lo] in a comparison with neutron irradiated 20% Cr/25% Ni/Nb stabilized steel used as fuel pin cladding in the Advanced Gas-Cooled Reactor. It also shows, that the effect of the particle efficiency can be very significant. In particular, except for the profile being off center, Fig. 9(d) shows rather good agreement between experiment and corrected profile beyond 2 nm from the grain boundary. Similarly, the ATR data, Fig. 9 (e), also shows better agreement be-yond 2 nm. Considering the purity of these samples, the results support those found in the proton irradiated UHP alloys, showing that impurities increase the amount of Cr segregation at the grain boundary. Distance from grain boundary (run) 5 "."""".'.""'I"","""""".. 2.1.6. Relation between segregation and IG cracking It is well known that the depletion of chromium at grain boundaries in austenitic alloys, due to thermal sensitization is a direct cause of enhanced IGSCC, and this is treated in detail in the preceding paper by Bruemmer and Was [28] . It is therefore reasonable to expect that Cr depletion arising from irradiation would cause a similar effect. The main difference between thermal and radiation-induced Cr depletion is the width of the profile. However, as shown by Bruemmer [ I....,....,....,....,..,.,_ ..,..,.
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51.""~"'~""."""""""""',"'.I IGSCC is much more dependent on the magnitude of Cr depletion than on the width of the profile. Slow strain rate tests in aerated high-temperature water revealed no significant effect of Cr depletion width when it exceeded 4 nm. Thus, correlations between Cr depletion and IASCC are expected. Such a cause and effect is not so clearly established in the case of segregated impurities. Although Si, P, S, B, N and other elements have been implicated in the IASCC process, there is little evidence in the literature that these elements enhance SCC in water at high temperatures. Of these impurity elements, only Si and P have been conclusively shown to segregate under irradiation. The correlation between IGSCC and grain boundary composition is discussed in more detail in Section 3. However, much remains to be learned about how grain boundary segregation affects IGSCC.
Radiation effects on materials
2,2.1. Microstructure Although there has been an emphasis on microchemical changes, the effect of radiation on the microstructure may play an important role, principally through hardening. Zinkle and Singh [301 have recently reviewed the subject of displacement damage and defect production and emphasize that the resulting microstructure is strongly dependent on (1) the proportion of defects produced heterogeneously in the form of vacancy and interstitial clusters, (2) the bias for absorption of mobile interstitial clusters and freely migrating interstitials at sinks, (3) the asymmetry in the production of freely migrating fractions of interstitials and vancancies due to the differing fractions of vacancies and interstitials in clustered or isolated forms, and (4) vacancy evaporation from clusters. Hence, the evolution of the microstructure during irradiation is a complex process depending on a number of processes.
The existing data on the radiation damage microstructure has been recently analyzed by Maziasz and McHargue [31] , who show that under LWR conditions (T < 350°C dpa between 0.5 and 5, and a LWR neutron spectrum) is rather sparse as the great majority of the data base consists of fast reactor data taken at higher temperatures (400-7OO"C), high fluences ( > 5 dpa) and fast reactor spectra. Available data suggest that the primary form of radiation damage in austenitic stainless steels at 300°C is interstitial Frank loops (lo-20 nm diameter) and black dot damage (2-3 nm diameter) at densities of order lo** rnw3. Higher temperatures result in a lower loop density and cause the growth of loops and the development of a dislocation network structure. As the fluence increases, at any temperature, Frank loops tend to unfault and form a dislocation network. The network becomes part of the total dislocation density which increases with increasing fluence until saturation. The total dislocation density reflects the temperature and fluence dependence of loop nucleation and growth up to the point of unfaulting. The dislocation density thus represents a dynamic balance between loop nucleation, growth, and unfaulting, resulting in generation of a dislocation network and mutual annihilation of dislocation segments, eliminating the dislocation network.
Radiation-induced hardening
The formation of a secondary damage structure will affect the mechanical properties of the alloy through interactions with dislocations. Post-irradiation data for neutron irradiation of 300 series austenitic alloys at 300°C show that with increasing dose, the yield strength increases, and ductility and fracture toughness decrease. The increase in yield strength is large and rapid, such that by a dose of 4 dpa, the yield strength is nearing saturation at a level 4 to 6 times the unirradiated value [33] . Uniform elongation drops from nearly 30% in solution annealed material to < 2% by 4 dpa, Fig. 11 . Similarly, fracture toughness drops by a factor of 2 to 3 by the same dose level, Fig. 12 . As such, the irradiated alloy is significantly 'embrittled' by irradiation in the 300°C range at doses less than 5 dpa.
Post-irradiation tensile testing at 300°C often results in plastic instability caused by dislocation channeling in which deformation is confined to submicron shear bands with the matrix undergoing relatively little deformation. Initially homogeneous deformation can be shifted to heterogeneous deformation when a dislocation clears a slip plane of radiation damage debris. This provides an easier path for subsequent dislocation motion and slip becomes confined to a narrow band of slip planes which are free from clustered defects. This 'dislocation channeling' results in intense shear bands and can cause localized necking and a sharp reduction in uniform elongation. These have been observed in high-purity 304 alloys at doses as low as 1 dpa [24] . At high fluences, a distinct fracture mode is found, transgranular channel fracture, in which fracture occurs along the deformation channels resulting in flat, crystallographic facets. However, channel fracture is confined to fluences > 5 x 10z6 n/m2 (20 dpa), well beyond that required for saturation of the yield stress, and to temperatures in the range 250-450°C [35] . This encompasses the temperature range of interest, but the dose is far greater than the 'threshold' dose for the onset of IASCC. Channel fracture has been observed in microstructures which contain a substantial void population, although it is not known whether the pres- ence of voids is necessary for this fracture mode to occur. It has been recognized that low-temperature fracture in unirradiated alloys probably initiates in regions of high stress caused by inhomogeneous deformation, such as precipitate-matrix interfaces. Irradiation could lead to fracture initiation at lower strains because of strain localization in the deformation bands. At higher temperatures where grain boundaries tend to be weaker than the matrix, the intersection of channels with the boundary may initiate grain boundary cracks through the formation of wedge cracks or by initiating grain boundary sliding. With respect to the IASCC problem then, the localization of deformation into dislocation channels could contribute to grain boundary fracture by a combination of factors: the localization of deformation at the channel-grain boundary intersection, the weakening of grain boundaries relative to matrix by radiation hardening of the matrix and the weakening of grain boundaries due to composition changes such as impurity segregation or Cr depletion which would increase susceptibility to SCC.
Crack growth
Once initiated, crack growth will depend on both the material properties and the environment.
Andresen has formulated a predictive model for IASCC in which the average crack velocity, VT is represented by VT =fbzX~,~P, where the crack tip strain rate, cCt embodies the mechanical contributions and n encompasses the effects of the environment and materials chemistries on environmentally assisted crack growth [5, 6, . For unagressive material and environment combinations, the relationship between growth rate and crack tip strain rate tends to become linear (i.e., n + 1 and VT =A,).
The crack tip strain rate can generally be expressed in terms of the material depen- dence, B and the stress dependence, K as l Ct = BK4. Since B is assumed to vary linearly with yield strength, then an increase in yield strength due to irradiation to 4 dpa should increase B by a factor of 6-8, which translates into a factor of 6-8 increase in the crack growth rate, in reasonable agreement with observations, Fig. 13 .
Radiation creep
The situation may be quite different where deformation is occurring during irradiation when segrega- Fig. 14 [39] . In fact, radiation creep compliance also appears to be a minimum at temperatures near 300°C. If creep deformation is confined to localized slip bands, then it may contribute to the high local stresses at the intersection of slip bands and grain boundaries and assist IG crack initiation.
Radiation effects on water chemistry and corrosion potential
Ionizing radiation causes water to break down into various oxidizing and reducing species (e.g., H,, H', H,O,, OH', H'O,, e,>. The G value describes the instantaneous yield of each species per 100 eV absorbed by water, and is sensitive to the energy spectrum. The concentration of each species varies over time from decomposition and recombination, which are strongly influenced by radiation flux (esp. gamma), ionic species, dissolved gases, temperature, etc. In LWRs, the G values for most species are within a factor of approximately 3 for fast neutron vs. gamma radiation. However, fast neutrons deposit energy much more rapidly than gamma radiation, as quantified by the mean linear energy transfer (LET) which is 40 and 0.01 eV/nm, respectively) [4]. Additionally, the peak neutron flux in LWRs in also higher than the gamma flux. Moderate gamma levels, such as exist in the downcomer annulus of a BWR, actually promote recombination of hydrogen and various oxidants 141. Thermal neutrons and beta particles play an insignificant role in LWR radiolysis.
While the formation of oxidants and reductants represents the origin of radiation effects on water chemistry, their influence is best integrated and understood in terms of changes in corrosion potential, which controls the thermodynamics and kinetics of electrochemical reactions. The corrosion potential is a mixed potential on the surface of a metal involving a balance of anodic and cathodic reactions. The electrochemical potential, 4, of each reaction is logarithmically dependent on the local oxidant, reductant, and ionic concen-trations via the Nemst relationship, 4 = $I,, + (RT/nF) ln[products/reactants].
Thus, increases in concentration of various species by many orders of magnitude from radiolysis may have comparatively small effects on the corrosion potential in high-temperature water. This is indeed observed (Fig. 15(a) ) until the oxidant level decreases to the point where one reaction (e.g., oxygen reduction) becomes limited by mass transport to the surface; at this point a rapid, sigmoidal decrease in corrosion potential is observed, toward the thermodynamic value of approximately -0.5 Vshe associated with the hydrogen-water reaction. 15(a) shows the relationship between dissolved oxygen and corrosion potential in high-temperature water as a function of radiation type and flux. The connected points represent data obtained in controlled, radiation on/off experiments, and are plotted in Fig. 15(b) in terms of a radiation-induced shift in potential. The curves in Fig. 15(a) represent the scatter band for the data obtained under unirradiated conditions. Fig. 15 shows that little, if any, elevation in corrosion potential results from irradiation sources which do not include neutrons or simulate their contribution by, e.g., using high-energy protons 141. Some studies using gamma radiation showed a significant decrease in corrosion potential, which is consistent with enhanced recombination in the downcomer region of BWRs [4] . In instances where neutrons or protons have been used, a consistent, significant elevation in corrosion potential is observed which is more pronounced in high-temperature water containing low dissolved oxygen concentrations and no dissolved hydrogen ( Fig.  15(b) ), where shifts of over +0.25 V occur. At higher inlet oxygen concentrations (e.g., approximately 200 ppb), the data still show a significant shift (typically + 0.1-0.15 V) in corrosion potential for radiation conditions representative of peak LWR core fluxes (Fig. 15(b) ).
Within cracks and crevices it has been postulated that radiation could elevate the corrosion potential above that at the crack mouth. Under unirradiated conditions, measurements in high-temperature water in artificial crevices (e.g., tubing), at the tip of growing cracks, and of short crack growth behavior [41 show that the corrosion potential remains low, approximately -0.5 f 0.1 VShc in 288°C pure water, independent of the oxygen concentration externally. Similar measurements in crevices under irradiated conditions [4] show that the shift in corrosion potential is < 0.05 v.
The effects of corrosion potential on IASCC have been studied [4,40-431 on pre-irradiated type-304 stainless steel using slow strain rate testing (SSRT) in 288°C water with additions of oxygen and/or hydrogen peroxide to elevate the corrosion potential to simulate the effect of radiation. Tests by Jacobs et al.
[40] on stainless steel irradiated to -3 X 10" n/cm2 showed a strong effect of dissolved oxygen (and, by inference, corrosion potential) on IASCC.
Asano et al. [41] used a similar testing approach on pre-irradiated types 304 and 316 stainless steel, and observed a similar dependence of IASCC on corrosion potential (Fig. 1) . The Asano data is, however, offset to the right (to higher fluences) from the Jacobs data; this difference is consistent with the measured enrichment in grain boundary Cr in the initial, solution annealed condition. This initial enrichment required m 1 x lO*l n/cm* before the grain boundary Cr level decreased to the matrix level.
Ljungberg [43] also tested a variety of pre-irradiated materials by slow strain rate, Fig. 16 , and observed decreasing average crack growth rates with decreasing corrosion potential. Finally, in-situ, fracture mechanics, crack growth rate data from furnace sensitized type-304 stainless steel was obtained at Nine Mile Point Unit 1 BWR, and showed that the higher corrosion potentials measured in-core vs. in the recirculation piping induced significantly higher measured crack growth rates [4] . These data are compared with other irradiated and unirradiated data in Fig. 17 based on simultaneous measurements of corrosion potential and crack growth rate in fracture mechanics specimens; the accompanying curves represent model predictions.
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Correlations between mechanism and experiment
Fluence effects on IGSCC
The existence of a critical fluence for IGSCC susceptibility is an essential part of the definition of IASCC. The results of Jacobs et al. [40] and Kodama et al. [42] on BWR-irradiated, commercial purity (CP) 304 SSs were presented in Fig. 1 using the %IG cracking in the SSR tests (strain rate of 3.7 X 10-'/s, 32 ppm 0,) to gage material susceptibility. A difference of about 4 times was seen in the critical fluence for cracking. These data are replotted in Fig. 18 along with results from several other sources [23, . Plotting fluence on a linear scale (as compared to the more traditional semilog plot in Fig. 1 ) is done to expand the data set and allow more direct comparison of SCC to other variables examined in following sections.
The SSR test results of Chung et al. [45] indicated susceptibility to IGSCC at a much lower fluence (< 0.2 x 10" n/cm*) for high-purity (HP) 304 SS absorber tube material. Although only three fluence levels were tested, a similar trend in cracking with increasing fluence is seen, but shifted to a lower fluence. The increased susceptibilty is surprising since SSR tests were conducted in a less aggressive environment (0.3 ppm 0,). Identical SSR tests on an irradiated CP 304 SS absorber tube by Chung reveal a cracking response between that for Jacobs and Kodama in Fig. 18 . A second CP 304 SS (specimens removed from a controlblade sheath), also examined by Chung, revealed very little IGSCC even at fluences up to 2.5 x lo*' n/cm'. Consistent with this heat-to-heat variability is the CP 304 SS data of Clarke and Jacobs [47] and of Jacobs et al. [23] showing isolated samples resistant to IGSCC at fluences above 2 x lO*l n/cm* while similar specimens failed by nearly 100% IGSCC. The comparison between the data of Kodama and that of Jacobs for 316 heats also shows an apparent difference in susceptibility. Differences in IGSCC suggest that the 'critical' fluence for susceptibility may vary by more than an order of magnitude among stainless steel heats. A rapid rise in yield strength is observed with increasing fluence to about 900 MPa at 3 X 10" n/cm* (-4 dpa). ATR irradiations tend to show lower strengths that reach about 70% of the BWR data. Several differences among the data sets can be detected. Although strength increases with dose, the BWR-irradiated 304 SSs that cracked at lower fluences tend to have higher strengths. For example, the IGSCC-susceptible HP heat of Chung exhibits yield strengths more than double the more resistant CP absorber tube material.
Radiation hardening and effects on IGSCC
Yield strength measurements are compared to IGSCC results in Fig. 20 . Nearly all of the BWR-irradiated materials of Jacobs (304 SS) and Kodama (304 and 316 SS) fall very close to one another. Initial cracking in the SSR tests is seen only after the yield strength has increased to about 600 MPa (more than 3 times the typical value for annealed stainless steel). In Many of the differences among data sets in Fig. 18 are accounted for by comparing to the material yield strength in Fig. 20 . This indicates that the yield strength is a better measure of radiation damage than fIuence. It also suggests that the radiation-induced hardening and microstructure may be playing a role in IASCC. Hardening alone does not appear to be sufficient to explain cracking susceptibility, but may act in combination with radiation-induced segregation. The hardened matrix will localize plastic deformation in grain boundary regions at loads below the macroscopic yield stress. At plastic strains, transgranular deformation characteristics will also be localized on specific planes after an initial dislocation has cleared a channel through the impeding loops. Phenomenologically, the change in yield strength is associated with hardening induced by dislocation loops and black dots, which are responsible for flow localization. If IG cracking can be associated with flow localization, then the change in yield strength may be expected to correlate better with %IGSCC. However, such correlations produce fits no better than that shown in Fig. 20 , partly because many experimenters did not report the unirradiated yield strength and this resulted in a sparser data set.
Radiation hardening in austenitic SSs results from the formation of small interstitial loops which effectively impede dislocation source operation and dislocation motion through the matrix. Bulk plasticity is limited to localized deformation within bands as illustrated by the charged-particle irradiations. [49] The low stacking fault energy in 304 SS makes the process of dislocation channeling difficult and promotes extensive twinning at low temperatures. A primary question is how this inhomogeneous deformation may influence IG failure. Manahan et al. [50] has shown that IG cracking can be induced in highly irradiated SSs without an environmental component if the strain rate is slow enough. However, it is well established that oxidizing, high-temperature water environments are required for IG cracking at low-to-moderate fluences ( < 3 x lo*' n/cm*). Therefore, IASCC susceptibility may be a precursor to a more general IG embrittlement susceptibility in irradiated SSs.
Slip planarity has long been identified as detrimental to XC and hydrogen embrittlement resistance by promoting dislocation pileups and high local stresses. Since grain boundary ledges are an excellent stress concentration site and a primary dislocation source, these interfacial regions can achieve very high stresses. Under tensile loading, several options are available at the boundary to accomodate these high stresses including emission of dislocations which must eliminate, bypass or cut through matrix defects to form slip bands, creation of deformation twins, or boundary cracking. Deformation studies on irradiated copper indicated that dislocation channels form during plastic deformation, but reach a saturation width and density at relatively small strains [31] . In other words, dislocation channels may have a finite operation life before pile-ups are created to shut down the source and there exists a minimum spacing between these sources. This behavior is similar to that observed in the irradiated 304 SSs [51, 52] . As available channels for plasticity are eliminated, local stresses may exceed the grain boundary cohesive energy and promote IG crack advance. The environmental effect on cracking could result from sharpening the IG crack tip by dissolution (increases local stress) and by supplying corrosion-induced hydrogen to the boundary region (decreases interfacial cohesive energy). Both of these processes will be sensitive to the radiation-induced grain boundary composition. Intergranular cracking may also be promoted by localized plasticity within or near the boundary plane. Since the grain boundary is a sink for radiation-induced defects, a narrow region (on the order of nanometers) surrounding the interface may form which is free of dislocation loops. Grain boundary sliding and active slip on (111) planes within this narrow zone may occur and could be enhanced by the presence of hydrogen. This process is more likely to occur in-core where continuous migration of vacancies and interstitials to grain boundaries will increase local diffusivities and dislocation mobilities. Localized plasticity of this type may act in concert with a decohesion mechanism to prompt IASCC. In both cases, hydrogen may play an important role. A more detailed interfacial characterization is necessary to determine how grain boundaries deform in irradiated SSs and to elucidate dynamic irradiation and deformation effects on dislocation activity.
Radiation-induced chromium depletion and effects on IGSCC
In stainless steels, major alloying elements such as iron, nickel and chromium, are directly influenced by the flow of radiation-induced vacancies to grain boundaries. The slowest diffusing element (nickel) becomes enriched at sinks, while faster diffusers (chromium and iron) are depleted. Undersized minor elements and impurities such as silicon and phosphorus bind with interstitials and migrate preferentially to sinks. Grain boundary composition has been reported in a number of neutron-irradiated SSs [23,25,41&l-46,53-58] . At present, the most complete data has been generated using FHG-STEM with an incident electron probe diameter from 2 to 3 nm and through-foil thicknesses less than 75 nm. This results in an analysis resolution of about 3 to 5 nm that enables measurement of narrow, radiation-induced enrichment and depletion profiles.
Radiation-induced chromium depletion has been the focus of many IASCC studies because of its well documented effects in promoting IGSCC in sensitized stainless steels. Grain boundary chromium concentrations measured in neutron-irradiated 304, 316 and 348 SSs have been compiled and analyzed. Minimum chromium concentrations are plotted as a function of fluence in Fig. 21 . The plotted data has been adjusted to account for the effect of chromium-rich surface films on the measured concentrations. Grain boundary concentrations have been reduced by the difference (typically N 1%) between the measured matrix chromium and the bulk content. No attempt has been made to deconvolute the measured profiles to more accurately determine the true interfacial concentration for these narrow profiles. However, as noted above, the minimum chromium level measured has been used. Numerous reasons exist why FRG-STEM may underestimate RIS in neutron-irradiated stainless steels (particularly at low fluences), but there are few reasons for the opposite to be true. Therefore, the values plotted in Fig. 21 are believed to better represent an upper bound on the grain boundary composition that controls SCC. It is likely that the actual minimum concentrations are below those reported due to beam dilution effects and the limited number (two per sample) of boundaries analyzed.
The most detailed characterization of neutron fluence effects on grain boundary RIS has been reported by Jacobs [25] on 304 SSs. A consistent decrease in interfacial chromium was detected with increasing fluence up to -2 X 10" n/cm', i.e. about 3 dpa. Samples irradiated to slightly higher fluences did not show a continued decrease in the grain boundary chromium level. This change in the rate of depletion is in agreement with the few high-fluence data points in Fig. 21 . The heat-to-heat variability is indicated by the more recent data of Jacobs et al. [54] on thirteen different heats of 316 SS irradiated to a fast neutron fluence of 2.3 X 10" n/cm'.
Grain boundary chromium depletion is observed in all heats, but the amount of measured depletion ranged from 2 to 9%. Again only two boundaries were analyzed per material with considerable variability between the two reported measurements. Considering the wide range of materials and starting conditions, most data shows a consistent exponential decrease in chromium content with increasing fluence. Data [25,41,42,45,53-561 where radiation-induced chromium depletion and IGSCC have been measured are summarized in Fig. 22 . The SSR tests are limited, but indicate that some level of depletion exists in all stainless steels which fail by IGSCC. As the grain boundary chromium concentration drops below -16 wt%, 304 SS becomes susceptible to cracking under the specific conditions of the test. The data points for 316 SS suggest a lower minimum, corresponding to an interfacial chromium depletion of -2 wt% below the matrix, consistent with the 304 SS results. Included in Fig. 22 are in-core eddy current measurements [25] and swelling mandrel1 test results [54] which indicate the extent of IGSCC based on the percentage of cracked components. Many differences exist between the in-situ straining tests and post-irradiation SSR tests, but data from each source only show cracking in samples with some degree of chromium depletion. Significant cracking is identified when chromium levels drop below 16 wt%.
The relationship between thermally induced chromium depletion and IGSCC established by Bruemmer et al. 129 ,591 has been plotted with the irradiated materials data in Fig. 22 . All irradiated specimens that show IG cracking have sufficient grain boundary chromium depletion for IGSCC susceptibility in the SSR tests. Thus, chromium depletion can explain the observations of IGSCC without considering other radiation effects on microstructure and microchemistry. However, questions still remain as to why a few chromium-depleted SSs show more resistance to IGSCC. In particular, Jacobs et al. [54] identified very significant radiation-induced chromium depletion (down to -13.5 wt%o) in several 316 SS heats which were resistant to IGSCC. Proton-irradiated high-purity 304-type SSs have also shown an improved cracking resistance in SSR tests for certain alloys exhibiting severe chromium depletion [60] . No correlation has been found between chromium content and IASCC. These results strongly suggest that other microstructural (e.g., radiation hardening) and/or microchemical (grain boundary or adjacent matrix) aspects influence cracking susceptibility. Since radiation-induced chromium depletion widths are very narrow, differences in deformation or passivation characteristics among SS heats may strongly impact crack initiation and growth processes.
Although this discussion has only considered radiation-induced chromium depletion, comparisons between grain boundary compositions and IASCC susceptibility can also be made for other segregants such as nickel, silicon and phosphorus. Since the measured enrichment of nickel is nearly always consistent with the depletion of chromium, similar relationships to IGSCC result. This is not the case for silicon and phosphorus since high-purity SSs (where neither segregates) show cracking, as do commercial alloys with significant impurity levels at the grain boundary. There is no clear evidence that other impurity elements (e.g., sulfur, boron or nitrogen) segregate during irradiation and impact IASCC susceptibility. As a result, if radiation-induced grain boundary segregation promotes IGSCC, chromium depletion appears to be responsible.
Conclusions
The fundamental understanding of the radiation-induced processes controlling IGSCC resistance of austenitic stainless steels has improved dramatically over the last ten years. Many aspects of the phenomena can be well explained (and predicted) based on the extensive experience with cracking of stainless steel piping in reactor water environments. This is particularly true for irradiation effects on water chemistry and its influence on electrochemical corrosion potential. In addition, a qualitative understanding of radiation-induced segregation processes has been developed, as well as high-resolution techniques to measure grain boundary compositions.
However, the specific microstructural and micro-chemical components which promote IASCC remain a mystery. Well-controlled data from properly irradiated and properly characterized materials is sorely lacking due to the inherent experimental and financial difficulties. Recent research has eliminated many of the early theories of IASCC, but is far from establishing the mechanisms of cracking. Current work is moving from a focus on radiation microchemistries to radiation microstructures. Perhaps the most pressing need at present is an improved understanding of deformation in irradiated microstructures and its influence on IG cracking.
